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ABSTRACT
Over the past 60 years, pumping concrete has gained popularity due to the
economic and technical benefits that typically accompanies it. However, boom
configuration and flow rate can adversely affect freeze-thaw and scaling resistance of
concrete due to the effects of pressure on the air-void system. Therefore, the objective of
this research is to assess the influence of different pumping parameters on the durability
of hardened self-consolidating concrete. Self-consolidating, flowable, and conventional
concrete mixtures were tested during large scale pumping experiments positioning the
pump boom in an “A” and a flat shape as well as using different pumping speeds. In
addition, the effect of adding a reducer and submerging the discharge hose into concrete
to minimize the impact on the concrete air-void system was also explored. While
pumping, the concrete fresh properties, including the air content were measured. The
freeze-thaw durability and scaling resistance were tested for both pumped and nonpumped samples. Furthermore, the air-void size distribution in the hardened state was
measured. During pumping, considerable changes in fresh air content were observed
from sample to sample. Hardened results indicated that different pumping parameters
induced different changes in the air-void system, most importantly the spacing factor.
The most notable increases in spacing factor were observed when increasing the flow rate
in the A configuration for self-consolidating and flowable mixtures and adding a reducer
in the A configuration with self-consolidating concrete. The changes in air-void system
corresponded to changes in the severity of scaling. A poor air-void system led to lower
scaling resistance. Mixtures with higher air content showed fewer signs that pumping
affects the freeze-thaw or scaling resistance.
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NOMENCLATURE
Symbol

Description

A

Air Content

ASTM

American Society for Testing and Materials

𝑖̅

Average Chord Length

𝐿̅

Spacing Factor

𝑛

Void Frequency

N

Total Number of Air-Voids Intersected

𝑝

Paste Content

𝑝
𝐴

Paste-Air Ratio

𝑇𝑎

Traverse Length through Air

𝑇𝑝

Traverse Length through Paste

𝑇𝑡

Total Length of Traverse

α

Specific Surface

1. INTRODUCTION
1.1. PROBLEM STATEMENT
Pumping concrete is a popular placing technique among the construction industry
that has been in use for approximately 60 years. It gained its popularity due to the
economic and technical benefits that typically accompanies it.

However, pumping

concrete requires subjecting the material to drastic pressure changes and impacts.
Additionally, highly flowable concrete is subjected to large amounts of shear. The forces
applied to the concrete can alter the characteristics of the concrete and have the potential
to adversely affect the air-void system and the frost durability.
As self-consolidating concrete gains popularity, it is important to determine the
effects of pumping on its properties. Currently, the same guidelines are used for pumping
conventional concrete and self-consolidating concrete. However, due to the differences
in pipe flow it is necessary to evaluate the effects of pumping conventional concrete and
self-consolidating concrete separately.

Several studies have been conducted on

conventional concrete to determine the effects of pumping but there is a lack of data for
self-consolidating concrete.
This thesis work evaluated the effects of pumping self-consolidating concrete.
Properties which were characterized include the slump flow, fresh air content, sieve
stability, hardened air-void properties, freeze-thaw durability, and salt scaling resistance.
The main focus was how the pumped samples compared to non-pumped samples in terms
of the hardened air-void system, with a specific interest in the air content and spacing
factor, and the frost durability.
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1.2. SIGNIFICANCE
Frost durability is concrete’s ability to resist freeze and thaw cycles. The lack of
frost durability in concrete can cause both structural and surface damage. In climates
prone to freezing temperatures, concretes are designed to resist frost damage by
entraining air into the mixture. Pumping concrete can influence the characteristics of the
air-void system. Reports of air loss due to pumping concrete on job sites sparked this
area of research for conventional concrete. However, there is a very limited amount of
research which has investigated the effect of pumping self-consolidating concrete. It is
necessary to determine the effects pumping has on the air-void system and as a result, the
frost durability of the concrete.
1.3. OBJECTIVES AND SCOPE
The overall objective of this study was to determine the effect pumping has on
self-consolidating concrete’s air-void system and frost durability. The work in this thesis
is part of a larger study which is characterizing the effects of pumping on highly flowable
mixtures. The work outlined here focuses on the hardened properties of the concrete and
identifying what is happening as a result of pumping self-consolidating concrete. Further
work within this study is investigating the effect on rheological properties and the
mechanisms which are driving the changes observed and measured.
To accomplish the goal of this thesis, the following objectives were completed:
Compare properties of concrete pumped in specific configurations to non-pumped
samples of the same mixtures. Characterize and evaluate the hardened air-void system
parameters, including air content, specific surface, and spacing factor. Evaluate the
freeze-thaw durability and scaling resistance of the concrete.
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To achieve these objectives, 16 mixtures were tested in a full scale pumping
campaign. From each mixture, fresh and hardened properties were tested for both nonpumped and pumped samples. The properties that were characterized include slump
flow, fresh air content, sieve stability, rheological properties, freeze-thaw durability,
scaling resistance, compressive strength, and the hardened air-void system.
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2. LITERATURE REVIEW
2.1. SELF-CONSOLIDATING CONCRETE AND RHEOLOGY
2.1.1. Self-Consolidating Concrete (SCC). Self-Consolidating Concrete (SCC)
or self-compacting concrete is fresh concrete that does not require external vibration to
consolidate within formwork or to flow around reinforcement, but does so under its own
weight [1].

This highly flowable concrete got its start in Japan in the 1980s.

Conventional concrete requires consolidation to raise entrapped air out of the concrete.
Consolidation creates a denser and less permeable concrete that will have better strength
and durability. This manual consolidation must be performed properly by laborers, so
decreases in the number of skilled workers in the 1980s in Japan lead to an increase in
durability issues in concrete structures [2].
In 1986, Dr. Okamura, a professor at the University of Tokyo, proposed selfcompacting concrete as the solution to poor consolidation leading to durability issues. In
1988 he developed the first prototype for this highly fluid concrete.

The flowable

concrete design was achieved by limiting the aggregate content, lowering the water-topowder ratio, and using a chemical admixture called superplasticizer [2]. To achieve the
desired properties, mix designs now can include micro-fillers, supplementary
cementitious materials such as fly ash and silica fume, viscosity-modifying admixtures
and different types of superplasticizers [3].
Figure 2.1 shows a typical example of mixture proportions of a conventional
concrete compared to a self-consolidating concrete [4].

This includes an increased

amount of fine material and a decrease of coarse aggregate content while holding the
amount of water constant.
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Conventional Mix

Figure 2.1: Typical Mix Design Proportions. Adapted from [4].

There are both benefits and limitations of using self-consolidating concrete. The
concrete is less labor and equipment intensive, easier and quicker to place, easier to
finish, and has the ability to be used in more complex designs. However, there is more
pressure on the formwork due to the fluidity of the concrete and there is an increased
importance of quality control and proper mix design. Additionally, in some instances,
self-consolidating concrete will not be able to be used, for example if the concrete is
required to hold a slope [5].
The three key characteristics self-consolidating concrete must have are filling
ability, passing ability, and stability. Filling ability is the concrete’s ability to flow and
fill the formwork due to gravity without mechanical consolidation. Passing ability is the
concrete’s ability to flow through small openings without segregating or blocking.
Stability means the concrete must remain stable and homogenous [6]. In the pursuit of
achieving the desired passing and filling ability the concrete can become susceptible to
stability issues. This includes segregation and excessive bleeding.
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Since self-consolidating concretes fill formwork using only gravity, quantitative
methods are needed to measure the fresh state properties. This need for more accurate
quality control and mix designs mean the rheological properties are important, not only
for pumpability but also for placement.
2.1.2. Rheology and Pumping Behavior. Rheology quantifies the properties of
concrete in its fresh state. These properties include: the stress required to initiate flow
(yield stress) and the internal resistance to flow (plastic viscosity). Rheology can also
quantify more complex behavior such as thixotropy; this is “the reversible stiffening with
time of the material at rest and its ability to refluidize when sheared” [7]. Analyzing
these properties is the key to creating a stable mixture with the desired filling ability and
passing ability that can be pumped and placed easily.
The concrete must have an adequately low yield stress to fill the formwork while
maintaining a high enough viscosity to prevent the mixture from becoming unstable [4].
Concrete is essentially a complex suspension of solids in a fluid that can be governed by
hydrodynamic interactions or friction depending on the amount of solids in the
suspension [8, 9].

The concrete suspension can be thought of in three different

combinations: a suspension of all particles in water, a suspension of coarse and fine
aggregates in cement paste, and a suspension of coarse aggregates in mortar. Each
combination varies in complexity but since all are particles in a suspension, the KriegerDougherty relation can be applied to concrete (up to moderate volume fractions).
Therefore, the rheological properties can be thought of as a function of the rheological
properties of the suspending fluid and the volume fraction of particles [8].
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Concrete that has more particles (less cement paste) displays friction behavior and
acts similar to a soil when being pumped. The internal friction must be overcome before
the concrete can be moved, resulting in a higher pressure needed than concretes governed
by flow. Conventional concretes with very high aggregate contents fall in the category of
friction governed “unsaturated” concretes and have high yield stresses as a result of the
aggregate content. On the other end of the spectrum, self-consolidating concretes are
considered “saturated” and the frictional resistance is negligible [10]. “Saturated”
concretes have a sufficient layer of paste between the coarse aggregate and flow due to
shearing of paste around the particles [8]. Due to their flowable nature, concretes that are
governed by fluid mechanics require substantially lower pressure to pump than those
governed by friction. Concretes governed by friction will block the pump.
Self-consolidating concrete in its fresh state is typically assumed to behave
according to the Bingham model (Figure 2.2) [11]. The Bingham model expresses a
linear relationship between shear rate and shear stress where the y-intercept is the yield
stress, 𝜏0 , and the slope of the line is the plastic viscosity in a shear stress-shear rate
diagram. The shear stress is expressed as:
𝜏 = 𝜏0 + 𝜇𝑝 ∗ 𝛾̇

Eq. 1.1

In this equation the yield stress (𝜏0 ), is defined as the amount of stress required to
initiate the flow of the concrete. The plastic viscosity (𝜇𝑝 ) is the concretes internal
resistance to an increase in flow rate.
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Figure 2.2: Bingham’s Equation for a Fluid

2.2. FROST DURABILITY
There are two types of durability issues due to frost that will be discussed: freezethaw damage and salt scaling damage. The freeze-thaw test evaluates the risk of internal
frost damage whereas the salt scaling test evaluates the risk of surface scaling. The air
void system is a vital part of resistance to both damages. The results are often connected.
Generally, when the concrete tests showed freeze-thaw damage they also showed scaling
damage. However, the reverse was not always true. This is because the scaling test is a
more severe procedure.
2.2.1. Freeze-Thaw Damage. Freeze-thaw damage is an internal damage. If
stresses formed by freezing water are sufficiently large, micro-cracks within the concrete
can form. These can expand and cause weakness in structural members. The damage
from freeze-thaw cycles can decrease the compressive strength of the concrete. The
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overall damage can be relatively minor or detrimental to the structure depending on the
air-void system and the amount of the freeze-thaw cycles endured.
Freeze-thaw resistance depends largely on the hardened air-void system found
throughout the concrete. It is believed a system of entrained air-voids is needed to
prevent freeze-thaw damage. The concrete must have an adequate system of air content,
specific surface, and spacing factor. The air content is the volume of air per unit volume
of hardened concrete expressed as a percent, the spacing factor is the average distance
from a random point in the concrete to the nearest air void, and the specific surface is the
voids’ surface area per unit volume of voids.
There are many theories to explain how frost damages concrete. Pigeon and Pleau
[12] cite the theories put forth by Power [13], Powers and Helmuth [14], and Litvan [15]
the only ones with “relatively complete theoretical explanations of the mechanisms
causing damage to concrete during freezing,” therefore these will be the ones discussed in
the following paragraphs.
In 1945 Powers [16] proposed the critical saturation theory. This theory is based
on the fact that as water freezes it expands by 9%. It states concrete’s critical saturation
point begins at 91.7%. When concrete is saturated past this point it is at risk for freezethaw damage. If the capillary pores are saturated stress will be generated when the water
freezes.
Subsequently, in 1949 Powers [13] introduced the hydraulic pressure theory. The
spacing factor was developed as part of this theory. The hydraulic pressure theory
allowed for the water in the pores to behave according to Darcy’s Law [12] and attributed
frost damage to a buildup of hydraulic pressure. As the water freezes it expands and the
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excess liquid is forced ahead of the freezing front creating internal hydrostatic pressure.
In non-air entrained concrete this pressure may disrupt the concrete causing internal
cracks (when the spacing factor, the distance to the next void is too large or the freezing
is too fast). In air entrained concrete, a system of small spherical air bubbles provide
space for water to migrate to as the freezing advances. The hydrostatic pressure forces
the water through small capillary pores to the closest air bubble. This relieves the
pressure and prevents the concrete from being cracked. However, this only works if there
is an adequate amount of air bubbles (air content) and they are spaced close enough
(spacing factor). If not enough air is entrained or the pumping process negatively affects
the air void system, air entrained concrete can also be susceptible to freeze thaw damage.
When the hydrostatic pressure theory was found to be inconsistent with
experimental data, Powers and Helmuth [14] introduced the osmotic pressure theory.
This theory used thermodynamics and osmosis to account for the dissolved alkalis in the
pore water. These alkalis cause a gradual formation of ice with decreasing temperature.
In this theory, the water’s freezing temperature depends on the pore size. Due to an
energy imbalance caused by the differing freezing temperatures water flows from smaller
pores to larger ones to reach equilibrium. The motion creates internal pressure and can
cause cracking unless a sufficient air void system is present in the concrete. Powers and
Helmuth [14] suggested limiting spacing factors to 250-300 μm to prevent damage within
the concrete. For natural freeze-thaw cycles, Pigeon and Lachance [17] determined a
slightly stricter limit of 200 μm.
Litvan’s [15] later theory is based on the assumption water must travel through
the paste and will only freeze on the exterior surface as due to changes in vapor pressure,
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water cannot freeze in the capillary pores. In this theory, if the freezing rate is too fast or
the distance to the external surface is too large, internal pressure can cause damage.
Although the exact mechanisms which cause freeze-thaw damage are still
unconfirmed, it is generally accepted that the freeze-thaw durability of concrete relies
greatly on the quality of the concrete’s air-void system [12]. Air-voids must be small in
size, closely spaced, and uniformly distributed to ensure adequate resistance to freezing
and thawing as well as satisfactory strength.
Overall, it has been observed that the spacing factor is the most critical factor to
frost durability [18]. However, often in the United States, air content is associated with
freeze-thaw and scaling resistance.

In ACI 318 “Building Code Requirements for

Structural Concrete,” [19] the American Concrete Institute gives a target air value for
concrete. This is a function of the nominal maximum aggregate size and the exposure of
the concrete to freezing and thawing cycles. Concrete which is expected to be exposed to
freeze-thaw cycles and frequently exposed to water is required to contain between 1-1.5
percent more air than those of the same maximum aggregate size that is not frequently
exposed to water. This air content-to-frost durability association can be misleading
because air content alone is not the best indicator for frost durability. Concretes at the
same air content can result in a range of frost durability [20]. This is because the
measurement only reports total air content. It gives no indication of size of air voids or
space distance between voids, which are vital to frost durability [18].
A decrease in air content is not always connected to a decrease in quality of the
air-void system [21, 22]. The exception is when the air content is low enough that the
spacing factor is not able to be low enough to prevent freeze-thaw damage due to lack of
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air. Therefore, in concrete pumping, air loss itself is not necessarily detrimental to
freeze-thaw durability. The relatively large bubbles do not aid as much in the freezethaw durability as the small air bubbles. It is generally accepted that a specific surface,
which indicates the average air-void size, should be greater than 24 mm2/mm3 for frost
durability [23]. So if large air bubbles are lost in the pumping process, air content will
decrease but the durability will not. These large bubbles are the ones removed when
conventional concrete is vibrated.

This act increases the quality of the concrete,

particularly the strength [24]. When the fresh air content is measured, the size or
distribution of air bubbles lost cannot be determined. Therefore it is important to analyze
the hardened air voids and calculate the specific surface and spacing factor to determine
the durability.
Air content, spacing factor, and specific surface can all be altered due to pumping
and are interconnected so a slight dissatisfactory value of one does not necessarily mean
complete compromise of durability. Some of the studies examined reported that
mechanisms in the pumping process resulted in unsatisfactory air-void parameters
according to acceptance standards, however the overall system was not compromised
enough to be detrimental to the freeze-thaw durability [25, 22, 26].
Two mix design factors that have the potential to affect the frost durability are fly
ash and the water-to-cement ratio.

Fly ash has the potential to decrease the frost

durability by altering the effectiveness of the air entraining admixture. The use of fly ash
can make identifying the correct air entertainer dosage difficult. On the other hand, a low
enough water-to-cement ratio has the potential for rendering the air entraining admixture
unnecessary to prevent frost damage.
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Fly ash is a byproduct of coal combustion in coal-fired power plants. Fine,
glassy, spherical particles with diameters less than 60 μm are liberated from mineral
inclusions as the combustible coal is consumed.
particulate controls systems [27].

These particles are collected in

The fly ash collected requires no alterations before

being used in concrete as long as it conforms to the properties and composition
requirements listed in ASTM C618 “Standard Specification for Coal Fly Ash and Raw or
Calcined Natural Pozzolan for Use in Concrete” [28]. Typically, fly ash is used to
replace 15-30% of the cement content.
Unburned portions of coal in fly ash can adsorb organic material such as the
surfactants used in air-entraining admixtures [29, 30, 31, 32] and inhibit the ability of the
air-entraining admixture to stabilize air bubbles [27]. Typically, the higher the carbon
content the larger the effect on the air entrainment [33, 32, 34, 29, 35, 36, 37].

Effects

of using fly ash include a decrease in permeability of the concrete [38] and a decrease of
air content with an increase in carbon content [39].

It has been observed that all

concretes using fly ash require a higher dosage of air-entraining admixture and Class F
requires larger dosages than Class C [33].
It is debated whether concretes with very low water-to-cement ratios, such as high
performance concrete, need air entrainment for durability [40]. Durability is mainly
dictated by the severity of the environment and the permeability of the concrete. Selfdesiccation creates a somewhat disconnected network of capillaries and pores [40].
Additionally, the porosity of concrete decreases as the water-to-cement ratio decreases
[40, 41, 42]. If water cannot penetrate the concrete, low temperatures may not result in
frost damage.
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Overall, frost durability relies strongly on the air-void system. Pumping can alter
the air-void system in concrete [21, 22, 24, 25, 26]. If this air-void system is significantly
altered the resistance to freeze thaw cycles is decreased. If the air-void system is durable
and robust to start with, the changes in the air void system will not affect the freeze-thaw
durability of the concrete itself. Fundamentally durable concrete will not be affected by
pumping [21].
2.2.2. Scaling Damage. Salt scaling attacks the concrete surface a layer at a time
and is an aesthetic damage rather than a structural damage. It usually only affects the top
few millimeters of the concrete [12]. Though it has been observed to normally happen
when deicer salts (commonly NaCl or CaCl2) are being used, it was thought to
predominantly be a physical damage and not chemical. Figure 2.3 is an example salt
scaling damage.

Figure 2.3: Salt Scaling Damage
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Scaling is a complicated phenomenon and no single mechanism has been
confirmed as the cause of damage. Over the years, there have been several mechanisms
proposed to explain scaling, however according to Valenza II, [43] none have accounted
for all of the salt scaling characteristics. One common shortcoming of all of the physical
explanations is that none of the theories can account for pessimum concentration. These
theories include damage caused by internal crystallization from hydraulic pressure or
crystallization pressure, thermal shock, a reduction in vapor pressure, and osmotic
pressure.
Two theories which were first proposed to explain the cause of frost damage dealt
with internal crystallization. The hydraulic pressure theory was one of the first theories
suggested by Powers 49 [13] to cause frost damage, this includes scaling damage. This
theory has been previously discussed in the freeze-thaw damage section. Once laboratory
research disproved the hydraulic pressure theory [14], Helmuth [44] theorized that
crystallization pressure caused scaling damage. This theory is based on the fact that
when porous bodies contain liquids that have larger specific volumes than the
corresponding solid they are damaged when frozen [45]. However, neither theory can
account for the lack of damage when there is not a pond of solution [43].
Another theory states: thermal shock or temperature shock can induce cracking
when de-icer salts are applied to a thin layer of ice on top of the concrete. This is due to
the temperature gradient induced by the salt [46, 47]. There are multiple shortcomings to
this theory. According to the calculations performed by Valenza II [43] the required
temperature drop is 8° C. Though this temperature drop has been reached in the lab, field
tests have resulted in significantly lower changes in temperature. Between multiple
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researchers and studies, none reached a temperature drop of more than 4.3° C in the field
[46]. Additionally, this theory cannot account for the studies which show freezing a
saline solution rather than applying salt to ice on a concrete surface is more damaging
[43].
Some researchers believed internal crystallization facilitated by vapor pressure is
the cause of scaling damage. The salts lower the vapor pressure and decrease the
temperature at which ice is formed. The decreased vapor pressure increases the degree of
saturation in the concrete compared to a salt free concrete at the same relative humidity.
Therefore, the damage is caused by internal crystallization [48, 49]. This is based on
Raoult’s Law which indicates pure water has a higher vapor pressure than a diluted salt
solution [43]. However, the theory cannot explain why a concentration of approximately
3% salt results in a large increase of scaling but not in degree of saturation [43, 50].
The next theory that will be discussed involves the osmotic pressure. If the pore
fluid salt concentration increases, the degree of saturation increases on the surface and
reduces ice formation in pores [51, 52]. In this way the salts amplify the osmotic
pressure due to freezing and there is an increase in vapor pressure difference between the
water in the capillary pores and the ice on the external face [43]. However, the osmotic
pressure will never reach a destructive level. Additionally, this theory does not account
for the absence of damage when there is not a puddle of solution on the concrete surface
[43].
Though there are many theories to explain salt scaling, none can fully explain the
phenomenon which is observed. What is known is scaling attacks the surface layer
which tends to be made of paste, making it more porous than the rest of the concrete and
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air entrainment is the most direct factor which affects the scaling resistance of concrete
[18].
It has been observed that the same precautions can be taken to prevent scaling
damage as freeze-thaw damage. Overall, either a robust air-void system is needed or a
low enough water-to-cement ratio (w/c) [53]. Results have shown air entrainment to
prevent scaling damage is not necessary in Ultra High Performance Concrete [54].
Additionally, fly ash [33, 55] and the water to cement ratio [56, 56, 58, 59, 60] affect
scaling as discussed previously. The same critical spacing factor of 250-300 μm has been
cited as the maximum spacing factor to prevent scaling damage as freeze-thaw damage
[61, 62]. Some research has shown that when the critical spacing factor is exceeded,
mass loss is proportional to the spacing factor [62, 63]. To prevent frost damage, the airvoid system and permeability of the concrete are key properties.
2.3. PUMPING AND CHANGES IN THE AIR-VOID SYSTEM
Many experiments have been conducted to attempt to determine the effects
pumping concrete has on the air-void system and consequently the freeze thaw and
scaling durability. These include laboratory testing and full-scale pumping experiments.
A majority of these tests have been related to conventional concrete [24, 21, 26, 64, 22,
23, 65, 25] while fewer have examined the effects on self-consolidating concrete [20, 66].
Normal concrete and self-consolidating concrete have shown different results while being
tested [20] and behave differently, therefore they must be considered independently.
Nearly every aspect and ingredient of mixing and placing concrete can affect the
air void system [26]. Therefore a cross-section of mix designs must be analyzed when
attempting to generalize the effects pumping concrete has on the air-void system and
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freeze-thaw and scaling durability. Additionally, there must be a large amount of data
points from which to draw conclusions because isolated reports from the field may be
misleading because of other variances.
There are precautions that have to be taken in order to isolate the cause of the airvoid change. Hover, Phares, and Ozyildirim [24, 21] all observed the truck-to-truck
variation is often times greater than the in-truck variation due to pumping or handling.
Therefore it is equally important to carefully mix and monitor each truckload of concrete
in a project. When testing the effects of pumping, it was suggested using one truck of
concrete to eliminate the truck-to-truck variation. Additionally, when testing the effects
of pumping conventional concrete it can be hard to tell if the same “slug” of concrete is
being tested before and after pumping. This makes it necessary to determine the normal
variability for concrete from the same load. In the test performed by Hover, Phares and
Yingling et al. [21, 24, 64] none reported the air content more accurately than the air
meter reading plus or minus the variation found within the truck from multiple samples
before pumping.
Laboratory testing has been conducted to isolate mechanisms which are suspected
to affect the air-void system during the pumping of concrete [64, 23, 65]. These studies
show possibilities of what will result when concrete is being pumped. However, pumped
concrete specimens will not directly follow the trends observed because during pumping,
concrete is subjected to multiple mechanisms at the same time, therefore the results are
more complicated.
Yingling et al. [64] confirmed that impact can cause air to be removed from
concrete. This air does have the possibility of being entrapped back in the concrete [23].
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Concrete being discharged at high velocities into concrete at rest creates conditions that
are comparable to those in the concrete mixer. This can cause a remixing of the concrete,
allowing it to entrain/entrap additional air. The amount of air forced back into the
concrete at this point can cancel out or even overcome the negative effects from the
previous impact on the air content. Additionally, the concrete at rest can cushion the
flowing contact, reducing the effect of the impact by absorbing some of the kinetic
energy [20]. Due to the higher internal pressure of the small air bubbles, they will be less
susceptible to the negative effects of the impact. Therefore mainly larger air voids are
lost due to impact because of their higher buoyancy and consequently lower stability.
Since primarily the large air bubbles are lost, the spacing factor is not greatly increased
due to it [22]. As a result, the impact can cause a loss of air content but is unlikely to
reduce the frost durability of the concrete.
Elkey et al. and Boulet et al. [23, 65] investigated the effects of pressure on
concrete. The results from both researchers indicate that applying pressure to concrete
negatively affects the air void system. Elkey et al. [23] found as the pressure increased
the chord length of the concrete also increased. This increase in chord length resulted in
fewer and larger air voids. Figure 2.4 shows results obtained by Elkey et al. [23]. Boulet
et al. [65] reported that the pressure yielded a decrease in total number of air-voids and in
increase in the average size of air-voids. A notable relationship between the pressure and
the specific surface was also observed. This test showed that the spacing factor of the
concrete increased linearly with the pressure applied to the concrete, which can be seen in
Figure 2.5. The final conclusion from this laboratory study was that the duration of the
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pressure was not as much of a factor because the damage done to the air-void system only
took a few moments to complete.

Figure 2.4: Effect of Pressurization on the Chord Length [23]

Figure 2.5: Spacing Factor and Pressure Applied for 10 Seconds Relationship [65]
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Full-scale pumping experiments have rendered a variety of results.

Kenneth

Hover [24] said, “The only certainty in regard to the effect of pumping on the air content
of fresh concrete is that pumping has been observed to increase air content, to decrease
air content, or to have no measurable effect.” Ozyildirim’s [26] observations suggested
the composition of the concrete and beginning air-void system plays a large role on the
effects pumping has on the concrete.
For conventional concrete, Ozyildirim [26] found that generally, pumping reduces
air content. Similar results were observed by both Lessard et al. and Pleau et al. [25, 22]
when pumping horizontally. Both studies found a slight increase in spacing factor and a
significant decrease in specific surface. However Lessard et al. [25] found horizontal
pumping had no effect on slump or fresh air content while Pleau et al. [22] observed a
small increase in air content. Both Lessard et al. and Pleau et al. [22, 25] observed that
vertical pumping greatly increased the spacing factor of the concrete. However, Lessard
et al. [25] measured small effects on the slump and air content and a significant reduction
of the specific surface while Pleau et al. [22] measured significantly lower air content and
a constant specific surface due to the vertical pumping. Experiments have confirmed that
adding a reducer to the end of a vertical section can aid in conserving the air void system
for normal concrete [25].
Air loss has been observed to be associated with pumping for self-consolidating
concrete.

Based on the data collect by Vosahlik et al. [20], for self-consolidating

concrete a relationship appeared to exist between flow rate and change in the spacing
factor for concrete when pumped vertically. An increase in flow rate, increased pumping
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pressure, and consequently increased the spacing factor.

This could be due to the

considerable loss of air.
It has been found for conventional concrete, that a reducer is beneficial in
preserving the spacing factor by preventing partial emptying of the descending section of
boom [25]. Test results indicate the opposite outcome on the air void system is true for
self-consolidating concrete. A reducer can substantially coarsen the air void system. The
pressure can rise by 50 to 75% when using a reducer. The reducer can also increase the
risk of segregation due to the intense shearing. This can make it easier for the air bubbles
to escape upon placement [20, 66].
However, in the study conducted by Vosahlik et al. [20], it was found that an
increase in spacing factor can be directly related to an increase in pressure in the form of
a higher flow rate.

This was determined to be independent of the mix design.

Additionally, in this experiment, it appeared the pressure-dissolution mechanism which
negatively affects the air void system outweighed the shearing mechanism which
positively affects the air void system.
In the same study, when a reducer was added to the vertical pumping
configuration it was determined that the reducer, again, had a negative effect on the selfconsolidating concrete. The spacing factor was significantly increased due to the use of a
reducer. The author proposes two reasons for this result. First, some mixtures which
showed this tendency were segregated and air is removed from segregated concrete much
easier than non-segregated. The second reason was the large pressure induced on the
concrete due to the reducer’s small diameter. This increased the dissolution of the air due
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to the pressure-dissolution mechanism and increased the spacing factor out of
specification in most cases. Results from this study can be found in Figure 2.6.

Figure 2.6: Change in Spacing Factor due to Flow Rates and the Addition of a Reducer
[20]
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3. MATERIAL AND METHODS
3.1. OVERVIEW
This section discusses the experimental work used to characterize the fresh and
hardened properties of non-pumped and pumped concrete samples. These properties
were used to determine the effects of pumping on the frost durability of concrete. To
evaluate the effect of pumping configuration and rate of pumping on the air-void system
and frost durability of concrete, a full scale pumping experiment campaign was
conducted.
The fresh properties of the concrete were determined in the field and specimens
were cast for durability testing. These specimens were then tested in the lab for
compressive strength, freeze-thaw durability, scaling durability and the air-void systems
were analyzed. Data was collected from 8 pumping days with two mixtures per day.
Every mixture had the same base mix design. The only aspect of the mix that
varied was the chemical admixtures.

Both the manufacturer and the quantity of

admixture used were varied to achieve mixtures with different fresh properties. These
fresh properties then altered the hardened properties of the concrete. The following
paragraphs will discuss the mix designs, field work, and test methods used in this set of
experiments.
3.2. MIX DESIGN
A total of 16 mixtures were tested in the field. The mix design was held at a
water to cement ratio of 0.45 and a paste content of 38%. Each mix design used the
proportions of cement, class C fly ash, fine aggregate, 3/8” (9.5 mm) coarse aggregate
and water shown in Table 3.1.
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Table 3.1: Material Quantities
Material
Quantity (kg/m3)
Cement
315.0
Fly Ash C
105.0
Fine Aggregate
926.6
3/8” Coarse Aggregate
759.1
Water
189.0

The admixtures varied to obtain target values for properties such as slump flow
and air content. Trial batches were tested in the laboratory to obtain admixture dosages
for the mixtures used in the field testing. These mixtures were characterized in terms of
slump flow, T-50, air content, stability, and workability retention (Figure 3.1).
Admixtures were considered as part of the mixing water. Therefore, the water listed in
Table 3.1 was adjusted for the amount of liquid added in the form of admixtures to yield
a mixture at the target value of 0.45 water to cement ratio. The admixtures used in each
mixture can be found in tables Table 3.2 and Table 3.3.

Figure 3.1: Testing Trial Batches
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Table 3.2: Admixture Quantities Mixtures 1-8
Admixtures (kg/m3) per Mixtures (1-8)
SP
Retarder
Workability
Air
3
3
3
Mixture (kg/m ) (kg/m ) Retainer (kg/m )
Entrainer
(kg/m3)
1
0.87
0.78
1.05
0.129
2
0.77
0.79
1.05
0.129
3
0.61
0.72
1.05
0.129
4
0.44
0.79
0.79
0.129
5
0.00
0.63
1.05
0.065
6
0.82
0.79
1.05
0.065
7
0.96
0.79
1.05
0.065
8
0.37
0.79
0.79
0.065

Mixture
9
10
11
12
13
14
15
16

Table 3.3: Admixture Quantities Mixtures 9-16
Admixtures (kg/m3) per Mixture (9-16)
SP
Retarder Hydration
Air
De3
3
(kg/m ) (kg/m )
Stabilizer
Entrainer foamer
(kg/m3)
(kg/m3)
(kg/m3)
0.44
0.44
0.36
0.28
0.19
0.37
5.55
3.70

1.78
1.78
1.92
1.92
1.22
1.72

0.35
0.70
0.43
0.43
0.65
0.49
0.82
0.82

0.026
0.026
0.028
0.093
0.093
0.140
0.274
0.698

Batch
size (m3)
4.59
5.73
5.73
5.73
5.73
5.73
5.73
5.73

VMA
(kg/m3)

0.75
0.19
0.21
0.19
3.93
2.62

Batch
size
(m3)
5.73
5.73
5.35
5.35
5.35
5.35
5.73
5.73

Table 3.4 shows the densities (g/l) of the materials used in the experiments. This
includes cement, class C fly ash, fine aggregate, 3/8” coarse aggregate, and water. The
material densities were considered as constant over the course of testing. Therefore, the
quantities of each material also remained constant.
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Table 3.4: Material Densities
Material Densities (g/l)
Material
Density (g/l)
Cement
3.16
Fly Ash C
2.93
Fine Aggregate
2.63
3/8” Coarse Aggregate
2.70
Water
1.00

3.3. FIELD WORK
Eight full scale pumping experiments were conducted to characterize the effects
of pumping on self-consolidating concrete in respect to the air-void system and frost
durability. Each of the eight experiments evaluated 2 mixtures for a total of 16 tested
mixtures. These mixtures varied in workability and fresh air content through the use of
admixtures.
Typically 9 samples were taken from each mixture, 3 non-pumped and 6 pumped.
A sample was taken directly from the truck before pumping, in the middle of pumping,
and after pumping. These samples were the non-pumped samples and served as the
control group to compare pumped samples. The 6 pumped samples consisted of one of
two pumping configurations.
The two configurations that were used during the experiment were horizontal or
“flat” and vertical or “A”. When the concrete was pumped horizontally the pump arm
was fully extended parallel to the ground. Vertical pumping extended the pump arm up
vertically in an A shape as shown in Figure 3.2.

28

Figure 3.2: “A” Configuration

In addition to pump configuration, the flow rate of pumping was also investigated.
The flow rate of pumping is controlled by the operator and is not a set value, so in this
experiment a range of rates was used with the qualitative targets of slow, medium, and
fast. The slow speed was pumped at 0-10 l/s with a majority of the samples being
pumped around 5 l/s. The medium was pumped at 11-25 l/s with the values centered
around 20 l/s. And the fast was pumped at speeds greater than or equal to 26 l/s with a
majority of the values in the upper 30s. Flow rates were determined by timing a fixed
number of strokes, and as the volume of the pumping pistons is known, the flow rate can
be estimated.
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The final variations added a reducer (from 5 in. on the pump boom to 4 in.),
submerged the end of the hose in the concrete, and used 2 flexible hoses and a reducer,
intended to increase pressure in the pump line. Testing combinations included: flat at a
slow, medium, and fast rate, A at a slow, medium, and fast rate, A with a reducer at a
slow and fast rate, A at a medium rate with a reducer and submerged, A submerged at a
slow and fast rate, and A with 2 hoses and a reducer at a medium rate. Not every
pumping combination was used for every mixture. For most mixtures, 6 of the above
combinations were tested. For a couple mixtures 5 were tested due to a shortage of
concrete.
3.4. TEST METHODS
This section describes the test methods used to characterize fresh and hardened
concrete properties before and after pumping. Primarily, highly flowable mixtures were
tested. These mixtures were self-consolidating concrete and did not require external
consolidation. Mixtures with a slump flow of less than 550 mm were not considered
flowable enough to be self-consolidating and received some consolidation. The method
of testing (level of consolidation) was held constant within a mixture regardless of the
slump flow of individual samples. The test methods outlined in this section include the
fresh air content via pressure method, the slump/slump flow, sieve stability, sampling and
curing, compressive strength, hardened air-void analysis, scaling, and freeze thaw.
3.4.1. Fresh Air Content: Pressure Method. ASTM C231 [67] was followed to
determine the fresh concrete air content. The apparatus was prepared by dampening its
interior. On a flat, level surface the measuring bowl was filled and its contents leveled.
For the self-consolidating concretes this was done in one layer and no external
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consolidation was performed. For the less flowable concretes, the measuring bowl was
filled in 2 approximately equal layers. Each layer was rodded 10 times and the container
struck with a mallet 6 times. For the conventional concrete the bowl was filled in 3
layers, rodded 25 times per layer and hit 12 times with a mallet per layer. Once the
concrete was flush with the rim of the container, the rim of the container was cleaned and
the meter was locked onto the container. Water was then added through the petcock until
it flowed from the opposite petcock. The petcocks were then closed and the air valve
opened. The measuring bowl was tapped with a mallet and the air valve released. The
air content on the meter was recorded to the nearest 0.1% when the percentage was below
6%. When the air content was above 6% the scale is less precise and the reading was
recorded according to the precision of the scale. The aggregate correction factor used
was 0.3%.
3.4.2. Slump/Slump Flow Test. ASTM C1611 [68] and ASTM C143 [69] were
followed to gage the workability of the concrete.

The test consisted of placing a

dampened Abram’s cone on a rigid, flat, level, moist, nonabsorbent surface, which was
free of vibration. The cone was held firmly in place while being filled with concrete.
The self-consolidating concretes were placed in 1 lift and received no external
consolidation. The concretes which were less flowable and were placed in 2 layers and
each layer was rodded 10 times. For the conventional concrete, ASTM C143 [69] was
followed and the concrete was placed in 3 layers and rodded 25 times per layer. Once the
cone was filled, the top was leveled with a strike-off bar and the area surrounding the
cone cleaned. The mold was then raised vertically in 3 ± 1 s. The diameter of the spread
was measured to the nearest 5 mm. This was done twice in approximately perpendicular
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directions and the average of these measurements reported to the nearest 10 mm. The
diameter of the spread was measured for both the self-consolidating concretes and those
which were less flowable. The slump from the top of the cone was measured for the
conventional concrete. Figure 3.3 shows the slump flow of a concrete.

Figure 3.3: Slump Flow

3.4.3. Sieve Stability. The procedure followed to determine the stability of the
fresh self-consolidating concrete is the procedure for sieve segregation resistance found
in “The European Guidelines for Self Compacting Concrete” [6]. The deviation from this
method that occurred was the concrete was not allowed to stand for 15 ± 0.5 minutes
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before testing. A sample was obtained and 5.0 ± 0.2 kg of concrete was poured on a #4
sieve, this mass was recorded. The concrete was allowed to stand for 120 ± 5 seconds.
The sieve was then removed and the mass of the concrete which passed through the sieve
was recorded. The segregated portion was then calculated as a ratio of the weight of
concrete that passed through the sieve to the original weight of the concrete. Table 3.5
displays the stability criteria listed in “The European Guidelines for Self Compacting
Concrete” [6]. SR1 is used for thin slabs and some vertical applications (less than 5 m of
flow and confinement gap larger than 80 mm). SR2 is used for vertical applications
(greater than 5 m flow and confinement gap larger than 80 mm).

Table 3.5: Stability Criteria
Stability Criteria
Segregation resistance in %
Class
SR1
≤ 20
SR2
≤ 15

3.4.4. Sampling and Curing.

Non-pumped samples were discharged into a

wheel barrow and samples for testing were taken from there. Pumped samples were
pumped into formwork shown in Figure 3.4 then placed into a wheel barrow using
buckets. Pumping into buckets or wheelbarrows was avoided to mimic as much as
possible real-life conditions. Specimens were cast for compressive strength, hardened
air-void analysis, scaling tests, and freeze-thaw tests. The specimen were made and
cured in accordance with ASTM C31 “Standard Practice for Making and Curing
Concrete Test Specimens in the Field” [70] and their respective testing standards.
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Figure 3.4: Formwork

For each specimen cast, self-consolidating concrete samples were cast in one lift
with no external consolidation. Samples which were under 550 mm slump flow were
consolidated by means of a vibrating table. Cylinders were cast in two lifts and boxes
and bars were cast in one lift. Four 100 by 200 mm compressive strength cylinders were
cast for each of the pumped and non-pumped samples. Three of the cylinders were tested
for compressive strength and the fourth used for hardened air-void analysis. One 200 x
200 x 90 mm square box was cast to test for scaling damage for each sample. The boxes
were struck off with a wood strike-off board. One 80 x 100 x 400 mm beam was cast to
test for freeze-thaw damage for each sample.

The beams were struck off with an

aluminum bar. Figure 3.5 shows the specimen which were cast in the field.
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Figure 3.5: Specimen Cast

Once cast, the samples were covered as shown in Figure 3.6 to minimize moisture
loss. They remained on site for 24 hours and then were transported to the final curing
location. Upon being demolded the cylinders and beams were placed in a lime-water
curing tank. The scaling test specimens were cured in a moist room. The cylinders
remained in the tank until being tested at 28 days for strength. The beams were removed
after 14 days and either placed in the freeze-thaw chamber or stored saturated and
wrapped in plastic in a freezer -18°C until testing could be done. After 14 days the
scaling specimen were removed and stored in air for 14 days and then tested.
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Figure 3.6: Samples during Initial Curing

3.4.5. Compressive Strength.

ASTM C39 “Standard Test Method for

Compressive Strength of Cylindrical Concrete Specimens” [71] was followed to
determine the 28 day compressive strength of the concrete. Both ends of each cylinder
were ground to meet the perpendicularity requirement in the standard. At this time the air
contents of the cylinders were found by weighing the concrete in air and in water. The
specimen was then placed in the center of the loading area and a loading rate of 250 kN/s
was applied to the cylinders until failure. The average of three cylinders was reported.
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3.4.6. Hardened Air-Void Analysis. Slices cut from 100 x 200 mm concrete
cylinders that were cast in the field were used to evaluate the hardened air-void system.
The slices that were taken were located approximately 80 mm from the bottom of the
cylinder. A polishing and preparation routine was determined based on the guidelines
and suggestions outlined in ASTM C457 [72]. The specimens were polished with the
grit, speeds, and minimum amount of time listed in Table 3.6.

Table 3.6: Polishing Procedure
Polishing Procedure
Grit
Speed (rps) Time (minutes)
80
500
10
180
500
10
320
800
5
600
800
5
1200
800
2.5

Figure 3.7 shows the polishing set up. Between grits (after the minimum amount
of time listed in the table above), the quality of the polishing was checked. The quality
was assessed with the use of an air compressor, flash light and straight edge. The sample
was first dried with the air compressor then checked for flatness and uniformity with a
flash light and straight edge (Figure 3.8: Polishing Quality Check). It was ensured that
any imperfections were removed from the surface and the surface was able to reflect light
by the end of polishing (Figure 3.9).
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Figure 3.7: Polishing Setup

Figure 3.8: Polishing Quality Check
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Figure 3.9: Polished Reflective Surface

Once polished, the concrete slices were contrasted, making the paste and
aggregates black and the air-voids white. To accomplish this, the concrete was covered
with black permanent marker and barium sulfate was applied to the surface. To achieve
proper packing of the air-voids, a rubber disk was rolled across the concrete while it was
covered with the barium sulfate. The barium sulfate was left in the filled air voids and
the excess was carefully removed from the top with a straight edge and brush. The
specimen was then examined and any voids in the aggregates that were filled in with
barium sulfate were colored black by the permanent marker. Once it was confirmed that
only the air voids in the paste remained white, the concrete was covered with a small
layer of mineral oil and ready to be analyzed. Figure 3.10 shows the preparation of the
air-void specimen. The air-void systems were measured by two methods: the Rapid Air
457 Air-Void Analyzer [72] and the KSU Void Analyzer [73].

39

Figure 3.10: Air-Void Sample Preparation

The air-void systems were first analyzed by the Rapid Air 457 Air-Void
Analyzer. Procedure A, the linear-traverse method described in ASTM C457/C457M-16
[72] was followed to determine the air-void system characteristics. A fixed threshold of
145 was determined and used for the analysis. This threshold served as the dividing line
between what was considered black and what was considered white when the scanned
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image was converted to a binary image. The parameters used for the analysis included a
paste content of 38.0 % by volume, which came from the mix design and a traverse
length of 1,905 mm with 3 traverses/frame. The sample had a diameter of 100 mm and
the area traversed was 65 mm by 65 mm.
The Rapid Air 457 provides a spreadsheet with a title page along with raw and
calculated data. A chord length distribution table and graph that includes all chord
lengths is generated. Additionally, a chord length distribution table for chords from 30 to
4000 μm is reported. The air content (%), specific surface (mm-1), spacing factor (mm),
void frequency (mm-1), average chord length (mm), and paste to air ratio is calculated for
all chord lengths and for chords from 30 to 4000 μm.
The results from the Rapid Air 457 varied based on the starting point of the
microscope on the concrete since only the line traversed is analyzed rather than the entire
sample. For this reason, the analysis procedure was repeated 6 times. Each time the
concrete was turned slightly so different lines were traversed across the sample. In total
the sample was turned 90 degrees. After 3 trials the mineral oil was reapplied to the
surface of the concrete to keep a consistent surface since the results varied if the
specimen became dry. The average of the 6 measurements was calculated and considered
in the data analysis. In this way, the variations in the data were averaged out so more
reliable results were obtained [74].
The air-void system was then analyzed by the KSU Void Analyzer. An Epson
Perfection V550 Photo scanner was used to obtain 6400 dpi resolution scans of each
sample. A 70 mm x 70 mm 16-bit grayscale scan was taken. This area is greater than
that required by ASTM C457 [72] for a 3/8” nominal maximum size aggregate.
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Photoshop was then used to adjust the contrast, brightness, and threshold of the picture to
obtain a monochromatic picture which marked only the air-voids as white. This was
done by overlaying the original scan with the altered photo and adjusting the settings
until air voids visible in the original scan were the same size and shape as those in the
adjusted photo and all noise created by reflecting light and porous aggregates was
removed. Once the monochromatic picture was created, the KSU Void Analyzer was
used to analyze the air void system.
The KSU Void Analyzer provides two spread sheets. The first includes analysis
parameters, raw data pixel counts, and calculated air-void system parameters. This
includes air content (%), spacing factor (mm), specific surface (mm-1), entrapped air void
content (%), and entrained air void content (%). The program provides data for the air
voids smaller than 50 μm, air voids smaller than 10 μm, and irregular air voids each in
terms of % by area, % by count and number. Finally, the maximum, average, and median
air void size is listed. The second spreadsheet lists the raw data for the air void area for
each air void by pixel count.
3.4.7. Scaling Test. This test was completed according to ASTM C672 [75] to
determine the scaling resistance of concrete surfaces exposed to deicing chemicals. Once
the samples were cured for the designated time, waterproof silicone caulk was applied to
the top surface to create a dike as shown in Figure 3.11. The silicone was applied with a
caulk gun while the specimen sat in the wooden molds in which they were cast.
Petroleum jelly was used to prevent the caulk from sticking to the molds and the dike was
finished at a 45° angle.
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Figure 3.11: Scaling Sample Preparation

The concrete surface was covered with approximately 6 mm deep of a solution of
4% calcium chloride and water. It was subjected to 16 hours of 23°C followed by 8
hours of -18°C. Every 5 cycles the concrete surface was flushed and the scaled material
was collected. The material was passed through a #100 sieve to prevent any undissolved
calcium chloride from being collected (Figure 3.12). It was then dried in an oven and
weighed; this is a deviation from ASTM C672 [75] which calls for visual examination.
The collection of the scaled material is based on the European standard procedure [76]. It
allows the damage to be quantified and a limit be applied to the damage [77].

43

Figure 3.12: Scaling Test Setup

3.4.8. Freeze-Thaw Test. The test method followed to determine the resistance
of the concrete to rapid freezing and thawing was ASTM C666: Standard Test Method
for Resistance of Concrete to Rapid Freezing and Thawing procedure A, rapid freezing
and thawing in water [78].

Concrete test specimen were submerged in water and

cyclically frozen to -18°C and thawed to 4°C for 468 cycles. This was an extension from
the 300 cycles required by ASTM C666 [78]. The test chamber is shown in Figure 3.13.
Every 36 cycles the mass and ultrasonic pulse velocity of each bar was measured. The
test configuration is shown in Figure 3.14. Ultrasonic pulse velocity is a common way to
measure deterioration of concrete due to frost. There is a reliable relationship between
pulse velocity and dynamic elastic modulus that should produce a dynamic elastic
modulus accurate within 10% [79].
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Figure 3.13: Freeze-Thaw Test Chamber

Figure 3.14: Pulse Velocity Test Configuration

The transducers were placed on either side of the concrete bar and the length of
the specimen was measured to calculate the pulse velocity of the concrete.

The

transmitter sent an ultrasonic pulse (p waves were used) that traveled though the solid
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material to the receiver. If any crack or discontinuities occur in the concrete, the wave
must move around the void since the wave cannot pass through air, causing a lower
apparent pulse velocity. In this way, if the apparent pulse velocity slows compared to its
original pulse velocity, it can be concluded the concrete is internally damaged [79, 80].
However, according to Bungey and Millard [79], the pulse velocity must change more
than 2% to be larger than the variation induced by experimental error. Figure 3.15
pictures how the pulse velocity moves through the concrete. To ensure all concrete bars
were in identical conditions while being tested, the bars were placed in a water bath
which was held at 4°C previous to having the pulse velocity measured. In addition to the
pulse velocity, the mass was also recorded each time.
From the acquired mass and pulse velocity measurement two parameters were
calculated and evaluated. The first is the mass loss of the concrete. This was calculated
as a percentage of the original weight. The change in pulse velocity was also calculated
as a percentage of the original pulse velocity. As stated previously this change to needs
to be greater than 2% to be outside of the boundaris of error [79].
Due to limited testing space availability, not all of the bars could be tested
immediately after curing 14 days which the standard specifies. However, these delayed
specimens were stored until testing according to the standards [78]. The pulse velocities
and masses of the excess bars were recorded. The saturated specimen were then were
wrapped in plastic and frozen at -18°C to limit the influence of continuing hydration.
Once testing space became available and prior to beginning testing, the bars were brought
back to 4°C and the pulse velocities and masses were measured.
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Figure 3.15: Ultrasonic Pulse Velocity [81]
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4. RESULTS AND DISCUSSION
This section will present and discuss the results and analysis of the data collected
by the test methods previously described. Results in this section include both fresh and
hardened properties. Properties discussed are workability and stability, compressive
strength, fresh and hardened air content, spacing factor, scaling resistance, and freezethaw durability.
4.1. CONFIGURATION NOMENCLATURE
Combinations of the symbols listed below are used to identify each sample. The
labels identify the mixture number, the pumping parameters, and the flow rate (l/s). For
example M7-ARS-19.1 is mixture 7 which was pumped at a rate of 19.1 l/s in the A
configuration with a reducer, and the end of the hose submerged.
M

=

Mixture

BT

=

Truck: Before Pumping

MT

=

Truck: Middle of Pumping

AT

=

Truck: After Pumping

F

=

Flat Configuration

A

=

“A” Configuration

R

=

Reducer from 125 mm to 100 mm

S

=

Submerged

2H

=

2 Hoses

4.2. WORKABILITY AND STABILITY
Workability and stability were evaluated in terms of slump flow/slump and sieve
stability respectively. The slump flow/slump test was performed on every sample. The
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sieve stability was performed on mixtures which had slump flows over approximately
600 mm. Mixtures with slump flows less than 600 mm were determined to be stable
based on visual assessment.
Slump flows/slumps for non-pumped samples were averaged with the outliers
removed for each mixture. If the slump flow was 550 mm or larger the mixture was
considered self-consolidating. Mixtures 1, 7, 8, 9, 10, 11, 12, 14, 15, and 16 met the selfconsolidating criteria. Mixtures 6, 4, 2, 3, and 13 were still flowable but not fully selfconsolidating. Their average non-pumped slump flows ranged from 425 to 510 mm.
Mixture 5 was conventional concrete with an average slump of 65 mm.
Table 4.1 shows the slump flow and stability index values for the concretes which
were determined to be self-consolidating. Overall, the mixtures were stable with almost
all of the sieve stability measurements falling into the SR2 class based on a sieve stability
threshold of 15%. A few samples fell within the range of greater than 15% but less than
20%, these would still be acceptable for class SR1. Only one sample (M8 MT) fell
outside of the limits for either range. Table 4.2 and Table 4.3 display the workability
results for flowable and conventional concretes respectively.

Table 4.1: Self-Consolidating Concretes Workability and Stability
Time
Slump Flow
Stability Index
Mixture Sample # Configuration
(min)
(mm)
(%)
1A-1
M1-BT
25
590
15A-1
M1-AT
165
715
2A-1
M1-AR-14.6
56
525
M1
3A-1
M1-A-11.1
80
525
13A-1
M1-F-10.3
118
545
14A-1
M1-F-17.2
141
515
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Table 4.1: Self-Consolidating Concretes Workability and Stability (Cont.)
Time Slump Flow
Stability Index
Mixture Sample #
Configuration
(min)
(mm)
(%)
1A-4
M7- BT
27
790
5A-4
M7-MT
89
705
13.1
8A-4
M7-AT
131
715
12.8
2A-4
M7-ARS-19.1
42
760
14.3
M7
3A-4
M7-AR-22.6
66
715
13.3
4A-4
M7-A-21.3
77
710
12.6
6A-4
M7-F-21.1
112
695
11.2
7A-4
M7-F-38.0
128
720
6.8
9A-4
M7-F-1.1
165
675
8.4
10A-4
M8-BT
19
710
3.5
14A-4
M8-MT
93
670
26.1
17A-4
M8-AT
134
605
5.1
11A-4
M8-F-1.4
45
650
6.3
M8
12A-4
M8-F-35.6
60
555
2.2
13A-4
M8-F-21.8
72
605
2.5
15A-4
M8-A-20.9
105
610
3.0
16A-4
M8-ARS-21.1
122
600
3.0
18A-4
M8-AR-20.4
151
560
2.7
1A-5
M9-BT
20
655
6.1
5A-5
M9-MT
90
730
10.5
9A-5
M9-AT
165
680
3.0
2A-5
M9-ARS-21.2
38
550
4.5
M9
3A-5
M9-AR-20.3
57
680
9.5
4A-5
M9-A-20.4
69
640
8.7
6A-5
M9-F-22.7
110
720
4.9
7A-5
M9-F-37.8
125
700
4.0
8A-5
M9-F-2.1
145
660
2.2
10A-5
M10-BT
23
790
18.8
14A-5
M10-MT
100
650
3.5
18A-5
M10-AT
160
585
4.1
11A-5
M10-F-1.8
50
725
7.8
M10
12A-5
M10-F-37.2
72
650
6.5
13A-5
M10-F-21.5
80
630
4.7
15A-5
M10-A-21.5
120
680
5.1
16A-5
M10-AR-22.1
140
635
5.5
17A-5
M10-ARS-21.5
145
670
2.7
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Table 4.1: Self-Consolidating Concretes Workability and Stability (Cont.)
Time Slump Flow
Stability Index
Mixture Sample #
Configuration
(min)
(mm)
(%)
1A-6
M11-BT
10
690
6.4
5A-6
M11-MT
74
740
13.5
8A-6
M11-AT
126
555
1.2
2A-6
M11-A-26
21
675
13.5
M11
3A-6
M11-AS-25
35
685
8.1
4A-6
M11-A-6.1
59
680
7.4
6A-6
M11-AS-6
87
680
4.3
7A-6
M11-AR+2H-25.8
110
675
2.8
9A-6
M12-BT
33
610
5.4
13A-6
M12-MT
115
615
3.7
16A-6
M12-AT
145
535
5.3
10A-6
M12-A-27.3
45
650
2.9
M12
11A-6
M12-AS-26.2
89
545
2.0
12A-6
M12-A-6.6
103
625
1.6
14A-6
M12-AS-8.6
130
598
2.1
15A-6
M12-AR-24.7
137
580
1.6
17A-6
M12-AR-7.3
160
530
0.2
10A-7
M14-BT
63
685
14A-7
M14-MT
109
670
5.8
17A-7
M14-AT
155
520
2.7
11A-7
M14-A-25.9
76
685
7.0
M14
12A-7
M14-AS-26.7
96
685
1.0
13A-7
M14-A-5.6
98
665
5.3
15A-7
M14-AS-5.5
119
600
3.4
16A-7
M14-AR-26
140
555
2.0
18A-7
M14-AR-5.5
165
540
1.0
1A-8
M15-BT
56
780
10.6
5A-8
M15-MT
130
790
11.1
9A-8
M15-AT
214
750
11.5
2A-8
M15-AS-29.1
74
785
18.9
M15
3A-8
M15-AS-5.6
88
790
11.8
4A-8
M15-A-5.6
111
850
15.9
6A-8
M15-A-29.1
154
800
12.6
7A-8
M15-AR-28
174
790
9.1
8A-8
M15-AR-5.5
194
820
15.8
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Table 4.1: Self-Consolidating Concretes Workability and Stability (Cont.)
Time Slump Flow Stability Index
Mixture Sample #
Configuration
(min)
(mm)
(%)
10A-8
M16-BT
43
690
8.3
14A-8
M16-MT
97
710
8.6
18A-8
M16-AT
150
770
8.1
11A-8
M16-AS-29.1
55
710
6.6
M16
12A-8
M16-AS-5.6
77
730
6.6
13A-8
M16-A-5.6
85
710
8.1
15A-8
M16-A-30.5
109
710
6.5
16A-8
M16-AR-29.1
123
660
6.2
17A-8
M16-AR-5.5
135
700
5.1

Mixture

M2

M3

M4

Table 4.2: Flowable Concretes Workability
Sample #
Configuration Time (min) Slump Flow (mm)
16A-1
M2-BT
29
555
4A-1
M2-MT
146
510
8A-1
M2-AT
230
460
5A-1
M2-A-11.1
166
455
6A-1
M2-AR-18.6
189
450
7A-1
M2-ARS-20.5
212
505
17A-1
M2-F-19.1
50
575
19A-1
M2-F-7.5
98
520
18A-1
M2-F-28.9
120
545
1A-2
M3-BT
15
480
5A-2
M3-MT
87
520
16A-2
M3-AT
182
440
2A-2
M3-AR-20.8
33
690
3A-2
M3-ARS-20.0
54
570
4A-2
M3-A-20.2
67
500
13A-2
M3-F-20.3
122
480
14A-2
M3-F-33.2
139
460
15A-2
M3-F-5.2
162
450
17A-2
M4-BT
1
490
6A-2
M4-MT
79
450
10A-2
M4-AT
168
440
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Mixture

M4

M6

M13

Table 4.2: Flowable Concretes Workability (Cont.)
Sample #
Configuration Time (min) Slump Flow (mm)
7A-2
M4-A-11.1
96
450
8A-2
M4-AR-13.2
121
440
9A-2
M4-ARS-11.7
152
430
18A-2
M4-F-5.9
19
520
19A-2
M4-F-7.5
28
450
20A-2
M4-F-28.9
57
460
8A-3
M6-BT
26
575
12A-3
M6-MT
99
485
16A-3
M6-AT
187
470
9A-3
M6-F-18.7
45
490
10A-3
M6-F-36.4
66
455
11A-3
M6-F-6.4
82
435
13A-3
M6-A-11.1
117
425
14A-3
M6-AR-19.4
141
425
15A-3
M6-ARS-18.5
162
430
1A-7
M13-BT
73
445
5A-7
M13-MT
144
450
8A-7
M13-AT
181
380
2A-7
M13-A-32.1
91
525
3A-7
M13-AS-31.9
111
465
4A-7
M13-A-5.5
131
460
6A-7
M13-AS-5.5
161
433
7A-7
M13-AR-32.5
181
415
9A-7
M13-AR-5.3
211
390

Mixture

M5

Table 4.3: Conventional Concrete Workability
Sample # Configuration Time (min) Slump (mm)
1A-3
M5-BT
35
130
5A-3
M5-MT
110
35
7A-3
M5-AT
160
30
2A-3
M5-F-5.7
53
145
3A-3
M5-F-16.8
70
60
4A-3
M5-F-32.0
90
60
6A-3
M5-F-22.3
142
40
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4.3. COMPRESSIVE STRENGTH
The results of the compressive strength tests are shown in Figure 4.1.

The

strength values were plotted versus the air content to verify if the w/cm was consistent at
0.45. In general, the graph shows lower compressive strength at higher air contents.
Overall, a majority of the mixtures followed the trend meaning the water to cement ratio
was consistent between mixtures. Mixtures 5, 6, and 11 showed higher compressive
strength compared to other mixtures with the same air content. It is thus possible the w/c
was slightly lower. For mixtures 5 and 6, this could have been due to specific factors
such as moisture content of the aggregate or atmospheric temperature and humidity since
both mixtures were performed on the same day.

Figure 4.1: Air Content vs. Compressive Strength
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4.4. AIR-VOID SYSTEM ANALYSIS
Air-void system data was collected from the Rapid Air air-void analyzer which
analyzed the air-void system microscopically and the KSU Void Analyzer which
analyzed the air-void system based on a scan. The air-void system properties were
calculated by the programs according to [72], the linear traverse method.
The total length traversed (𝑇𝑡 ) and the total length traversed through air (𝑇𝑎 ) are
values which were directly measured. The total length traversed through paste was
calculated based on the measured total length traversed and the delegated paste content
which was entered into the program (see Eq. 4.1). The samples analyzed had a fixed
traverse length of 1905 mm and paste content of 38%.

𝑇𝑝 =

𝑇𝑡 ∗𝑝
100

Eq. 4.1

The air-void parameter calculations depend on the paste content which were
entered into the software. The paste content (%) is not directly measured when binary
images are used. Instead the paste content can be assumed, measured on the fresh
concrete, obtained from a manual or be deduced from the mix design [12]. In this study,
the paste content was calculated from the mix design. Therefore, the exact paste content
of the particular sample being measured could have deviated slightly from the input value
of 38%.
This issue was assessed by investigating the effects of inserting paste volume
values of 38 +/- 3% (35% and 41%) on a sample with a low, medium, and high spacing
factor. It was found that the effects of varying the paste content were negligible. The air
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content and specific surface were unchanged.

The paste to air ratio varied +/-

approximately 7.9% and the spacing factor varied +/- approximately 3.6% which is
around 0.01 mm. Other sensitivity analyses on paste content have had similar findings
[74].
Equations 4.2 through 4.10 were used to calculate the air-void system parameters.
Air Content:
𝐴=

𝑇𝑎 ∗100

Eq. 4.2

𝑇𝑡

Void frequency:
𝑁

𝑛=𝑇

Eq. 4.3

𝑡

Average Chord Length:
𝑇𝑎

𝑖̅ =

Eq. 4.4

𝑁

Specific Surface:
𝛼=

4∗𝑁

Eq. 4.5

𝑇𝑎

Paste Content:
𝑝=

𝑇𝑝 ∗100

Eq. 4.6

𝑇𝑡

Paste to Air Ratio:
𝑝

𝑇𝑝

=𝑇
𝐴

Eq. 4.7

𝑎

Spacing Factor:
𝑝
𝑖𝑠 𝑙𝑒𝑠𝑠 𝑡ℎ𝑎𝑛 𝑜𝑟 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 4.342
𝐴
4.342𝐿̅ =

𝑇𝑝
4∗𝑁

Eq. 4.8
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𝑝
𝑖𝑠 𝑔𝑟𝑒𝑎𝑡𝑒𝑟 𝑡ℎ𝑎𝑛 4.342
𝐴
1⁄
3

3
𝑝
4.342𝐿̅ = 𝛼 [1.4 ∗ (1 + 𝐴)

− 1]

Eq. 4.9

Void Frequency:
𝑁

𝑛=𝑇

𝑡

Eq. 4.10

Multiple approaches were employed to determine the hardened properties. The
Rapid Air software calculated the air-void properties considering the white chord lengths
that were 0-4000 μm. Additionally, the software calculated the properties filtering out
the chord lengths which were under 30 μm. The KSU Void-Analyzer filtered out the
irregular and very large white shapes, instead considering them to be water pockets or
interference. Data collected by the Rapid Air was further filtered to remove the chord
lengths under 10 μm and again to remove those under 20 μm. It was determined that the
most representative air-void parameters were those calculated which excluded chord
lengths under 30 μm. Therefore, all of the results discussed are from this method.
When analyzing the air-void system, the small traverses, 30 μm and below, were
not considered. Particles less than 30 μm cannot be seen by petrographers when the airvoid analysis is performed manually [74, 82, 83]. Therefore, values obtained when
considering 30 μm and greater are in better agreement with values measured by the
standard ASTM method determined by petrographers [74, 82]. Furthermore, these values
are in agreement with the limits set for determination of an acceptable air-void system.
Excluding these air-voids from the analysis does not greatly alter the air content but does
affect the spacing factor.
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The quality of the polished surface of the concrete analyzed greatly affects the
results of the analysis [72, 12]. The Rapid Air microscope can identify voids as small as
3 μm [74] but preparing samples according to ASTM C457 should make air-voids as
small as 10 μm “clearly distinguishable” [82]. However, the Rapid Air machine does not
filter what is seen in white. Anything white that is traversed is counted as an air-void.
Any imperfections in the surface can be counted as air-voids; this includes cracks or
debonding at the interface between cement paste and aggregates, damaged paste, and
aggregate pull-outs [12]. During sample preparation, after filling the air voids with
barium sulfate, anything colored white which is not an air-void must be recolored black,
this is done by hand and subjective to the preparer’s judgement [72].
There may have been small defects in the surface which the Rapid Air analysis
mistook for air-voids which was in reality just imperfections in the surface. These false
air voids were likely smaller than 30 μm (the limit of what can be distinguished by sight).
Therefore, by excluding the traverses measuring 30 μm and less, most of the interference
would be removed from the data.
Potential outliers for the hardened air-void system were identified in the nonpumped (control) samples. These samples had conflicting results between air content,
spacing factor, and/or scaling. These values are included on the graphs and distinguished
by black Xs but excluded from the analysis. The air-void preparation and analysis will be
repeated on these samples by Daniel Galvez Moreno as part of the continued work on this
project.
The identification of samples to be retested was only done for the non-pumped
samples because there were multiple samples from the same mixture that were treated the
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same (all taken from the truck). This was not the case for the pumped samples which
increases the uncertainty of identifying potential outliers. M5 MT, M6 MT, M6 AT, M7
BT, M9 BT, M13 MT, M14 MT, M15 MT, M16 BT, and M16 MT will be repeated for
the reasons explained below.


M5 MT had a lower spacing factor at a similar air content as BT (hardened and
fresh) and similar scaling performance as BT but worse scaling than AT which
has a higher spacing factor.



M6 MT and AT had elevated spacing factors but not elevated scaling.
Additionally the fresh air content and hardened air content was a few percent
different and is typically closer.



M7 BT had a higher spacing factor than the rest of the non-pumped samples with
almost the same air content; however the scaling was slightly higher.



M9 BT had a higher spacing factor than rest of non-pumped samples and much
lower air content but lower scaling than other samples in the same mixture which
had lower spacing factors.



M13 BT, MT, and AT will all be repeated because the spacing factor does not
increase with air content and the lowest spacing factor has the highest scaling and
vice versa. However, in the analysis only sample MT was eliminated (so there
were still control samples to compare to), this sample had the largest difference
between fresh air content and hardened air content.



M14 MT had a lower spacing factor compared the other two non-pumped samples
but almost the exact same air content, however it did scale less.
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M15 MT had a spacing factor almost double that of the other two non-pumped
samples and the fresh air content was between the other two non-pumped sample
air contents. Additionally, the amount of scaling seemed low for that high of a
spacing factor.



M16 BT had a low spacing factor compared to the other two points which were
non-pumped samples.

The air content was also higher than the other non-

pumped.


M16 MT had a high spacing factor compared to the other two points, but not the
largest amount of scaling of the non-pumped samples in that mixture.

4.5. EFFECT OF PUMPING ON AIR CONTENT
Figure 4.2, Figure 4.3, and Figure 4.4 show a comparison of the fresh air contents
measured with and without pumping for the self-consolidating, flowable, and
conventional concretes respectively. The diagonal line represents the line of equality and
is at a 1-to-1 ratio. Figure 4.5, Figure 4.6, and Figure 4.7 illustrate the same comparison
for the hardened air content.
The expected air content without pumping for each pumped sample was
determined based on the linear regression of the non-pumped samples which considered
the time and the respective air content. The previously mentioned doubtful samples were
removed before determining the linear regression and values were extrapolated when
necessary.
As seen in previous experiments [24], pumping made the air content increase,
decrease, and remain constant for both the fresh and hardened values. Though overall,
the air content (fresh and hardened) did decrease more often than increase after pumping.
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Figure 4.2: Self-Consolidating Concrete Fresh Air Content with and without Pumping

Figure 4.3: Flowable Concrete Fresh Air Content with and without Pumping
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Figure 4.4: Conventional Concrete Fresh Air Content with and without Pumping

Figure 4.5: Self-consolidating Hardened Air Content with and without Pumping
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Figure 4.6: Flowable Concrete Hardened Air Content with and without Pumping

Figure 4.7: Conventional Concrete Hardened Air Content with and without Pumping
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Figure 4.8 shows how the hardened air content and fresh air content relate. The
diagonal line shows the linear correlation of the two types of air contents. The hardened
air content tends to be slightly lower than the fresh air content [84]. This could be due to
unstable air bubbles escaping before the concrete sets.

Figure 4.8: Fresh Air Content vs. Hardened Air Content

The change in air content due to pumping parameters was evaluated. However,
there were no uniform conclusions based on the analysis. The same parameter would
have opposite effects on different mixtures. Also, the direction of change in air content
did not correlate well with the direction of change in spacing factor, which is analyzed
below. Overall, it was decided to proceed with the analysis based on the change in
spacing factor as that is considered the most critical factor to frost durability.
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4.6. EFFECT OF PUMPING ON SPACING FACTOR
The hardened air content correlates to the spacing factor (Figure 4.9). In general,
the lower the air content the higher the spacing factor and vice versa, but some data
points identify specific combinations of high spacing factors at a certain air content.

Figure 4.9: Hardened Air Content vs. Spacing Factor

The change in spacing factor of each pumping configuration compared to the nonpumped samples was analyzed for each mixture. To find the baseline for each pumping
configuration, the linear regression of the non-pumped samples using the time and the
spacing factor for each mixture was found. The values from the previously identified
doubtful samples were not used when developing the baseline. The expected spacing
factor without pumping was then determined for each pumped sample based on the time
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the sample was taken. These values were extrapolated when necessary. In this manner,
the baseline spacing factor was representative of what would have been expected if the
mixture had not been pumped. These values were then used to determine the change in
spacing factor due to pumping.
4.6.1. Self-Consolidating Concrete. Figure 4.10 through Figure 4.19 show the
spacing factor (mm) versus flow rate (l/s) for mixtures 1, 7, 8, 9, 10, 11, 12, 14, 15, and
16 respectively. These were the mixtures with slump flows greater than 550 mm that
were classified as self-consolidating concrete. These mixtures did not require external
consolidation.
Though the magnitude of change varied from mixture to mixture, generally, as the
air content decreased (and spacing factor increased), the potential magnitude of change in
spacing factor increased. The self-consolidating mixtures which were tested with the F
configuration all had sufficiently high air content so only small to negligible changes in
spacing factor were induced. At these higher air contents, the spacing factor for the F
configuration and the A configuration changed in similar magnitudes. Since too high of
air content existed to induce change in the spacing factor in the mixtures which were
pumped with the F configuration, the effect of pumping on the spacing factor for the F
configuration cannot yet fully be analyzed and concluded.
There were consistencies on how the spacing factor was affected in the A
configuration. Throughout the mixtures, increasing the flow rate in the A configuration
had a tendency to increase the spacing factor more. Adding a reducer also consistently
increased the spacing factor more. This latter observation is in agreement with previous
findings for SCC [20], but contrary to practical guidelines for pumping normal concrete.
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For each of the self-consolidating mixtures, it can be seen that the addition of a
reducer while in the A configuration increased the spacing factor. This was true for 8 of
the 10 mixtures. Mixtures 11 and 14 show a decrease in the spacing factor with the
addition of a reducer. However, mixture 11 had an increase in spacing factor with time
for the non-pumped samples and the A configuration was pumped at the beginning, while
A with a reducer was pumped at the end of testing. Mixture 14 had poor slump retention.
The truck sample before pumping had a slump flow of 685 mm while the sample after
pumping operations had a slump flow of 520 mm. The two A configurations with
reducers were pumped last. These concretes had slump flows of 555 mm and 540 mm.
These values were on the edge of the division between self-consolidating and flowable
and could have affected the effects of the pumping.

Figure 4.10: Mixture 1 Self-Consolidating Concrete
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Figure 4.11: Mixture 7 Self-Consolidating Concrete

Figure 4.12: Mixture 8 Self-Consolidating Concrete

68

Figure 4.13: Mixture 9 Self-Consolidating Concrete

Figure 4.14: Mixture 10 Self-Consolidating Concrete
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Figure 4.15: Mixture 11 Self-Consolidating Concrete

Figure 4.16: Mixture 12 Self-Consolidating Concrete
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Figure 4.17: Mixture 14 Self-Consolidating Concrete

Figure 4.18: Mixture 15 Self-Consolidating Concrete
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Figure 4.19: Mixture 16 Self-Consolidating Concrete

4.6.2. Flowable Concrete. Figure 4.20 through Figure 4.24 illustrate how the
pump configuration, flow rate, use of reducer, and submerging the hose affected the
spacing factor for flowable concretes. All 5 flowable mixtures that were tested (mixture
2, 3, 4, 6, and 13) were pumped in an A configuration and used a reducer in the A
configuration. For each, when the reducer was applied, the spacing factor was reduced
compare to the spacing factor which resulted from the A configuration without a reducer.
This is opposite to the phenomenon which was observed above with the selfconsolidating concrete. When a reducer is used, the behavior of the flowable concrete
matches the typical behavior of conventional concrete.
Mixture 13 (Figure 4.24) again shows the spacing factor increases with an
increased flow rate in the A configuration. Therefore, the effect of the flow rate in A
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configuration on the spacing factor acted in the same direction for the self-consolidating
and flowable mixtures tested. The magnitude of the change in spacing factor again
varied between mixtures.
As with the self-consolidating mixtures, the effect of the flat configuration cannot
necessarily be concluded based on the available data. Mixture 2 displayed negligible
change and mixture 4 had two slow rates rather than a slow and a medium. The other
two mixtures experienced a drop in spacing factor between the low to medium flow rate.
However, more experiments are needed.

Figure 4.20: Mixture 2 Flowable Concrete
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Figure 4.21: Mixture 3 Flowable Concrete

Figure 4.22: Mixture 4 Flowable Concrete
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Figure 4.23: Mixture 6 Flowable Concrete

Figure 4.24: Mixture 13 Flowable Concrete
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4.6.3. Conventional Concrete. Figure 4.25 shows the flow rate versus the change
in spacing factor for mixture 5. This was a conventional concrete.

Figure 4.25: Mixture 5 Conventional Concrete

4.7. EFFECT OF PUMPING ON SCALING
Figure 4.26 and Figure 4.27 show the spacing factor versus the amount of
material scaled in relation to the surface area of the concrete. Figure 4.26 shows the data
divided by the type of concrete based on workability (self-consolidating, flowable, or
conventional). Figure 4.27 shows the data divided by mixture. The commonly accepted
limit for maximum mass loss due to scaling is 800 g/m2. This is indicated on the graphs
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by the horizontal line. This has been observed to correlate with a visual rating of 3 to 4
[85].
It can be seen in the graphs that for specimen with a spacing factor under
approximately 0.25 mm, the scaling is all within the accepted limit previously stated [14].
However, as the spacing factor increases, the potential for scaling increases as well.
Since the frost durability is reliant upon a combination of the air-void system parameters,
the critical spacing factor is mixture dependent rather than a fixed limit which can be
observed in Figure 4.27.

Figure 4.26: Spacing Factor (mm) vs. Scaling (g/m2) by Type
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Figure 4.27: Spacing Factor (mm) vs. Scaling (g/m2) by Mixture

In the samples with spacing factors above the 0.25 mm, the suggested limit
previously mentioned, but below 0.40 mm, flowable concrete mixtures 4 and 13
experienced more scaling than the self-consolidating concretes at similar spacing factors.
However, other flowable mixtures performed similar to the self-consolidating concretes
at the same spacing factors. For spacing factors above 0.40 mm the self-consolidating
concretes experience more scaling compared to mixtures with less workability.
However, the flowable mixture with spacing factors greater than 0.40 mm is mixture 6
which according to Figure 4.1 likely had a lower w/com, so no conclusions can be made.
The following behavior can be observed from Figure 4.27 for samples in similar
spacing factor ranges:


Mixture 11 experienced large amounts of scaling whereas samples from mixture 6
experienced very little scaling.
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Mixture 16 experienced higher amounts of scaling than mixture 5 or 6. However,
it is likely these mixtures had a lower w/cm.



Mixture 14 also had higher scaling than other samples at the same spacing factors.



Mixture 12 at higher spacing factors (> 0.40 mm) experienced elevated scaling.



Mixture 12 at lower spacing factors (< 0.40 mm) had similar scaling quantities as
other concretes.



Mixtures 1, 7, 10, and 15 performed similarly to the other concretes (spacing
factors approximately 0.25 to 0.40 mm).



Mixtures 8 and 9 had spacing factors below 0.25 mm and negligible scaling.
Mixtures 4, 5, 11, 12, 13, and 15 had samples which both passed and failed the

scaling test based on the 800 g/m2 limit. Mixtures 11, 13, and 15 only had one sample
per mixture which acted opposite of the rest of the mixture. Mixtures 4, 5, and 12 had
multiple samples which failed and passed.
The following graphs display the scaling (g/m2) and the spacing factor (mm) as a
function of time. The solid line represents the scaling limit of 800 g/m 2. The dashed line
represents the previously discussed spacing factor of 0.25 mm.
Mixtures 11 and 13 both had one sample which fell below the 800 g/m2 limit
while the rest of the samples exceeded it. For mixture 11 (Figure 4.28) the point which
passed was the sample taken from the truck before pumping. This sample was not
excluded from the hardened air-void analysis because the spacing factor and hardened air
content were similar to those of MT for that mixture. Since there is not a considerable
change in the air-void system when comparing BT to MT, the large difference shown is
most likely due to workability issues.
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For Mixture 13 (Figure 4.29) the point which passed was the A configuration with
a reducer at a low flow rate. It can be seen in the graph there is a decrease of scaling with
time. However, there is not a decrease of spacing factor with time. This again indicates
that another factor was affecting the scaling quantities. This factor likely relates to the
workability.
Mixture 15 (Figure 4.30) had one sample which exceeded the 800 g/m2 limit
while the rest fell below. The sample which experienced elevated scaling was the sample
taken from the truck after all pumping.

Again, AT had similar air-void system

parameters as other samples found in the same mixture which scaled much less. The
elevated scaling could have been due to workability or finishing.

Figure 4.28: Mixture 11 Time (min) vs. Scaling (g/m2)

80

Figure 4.29: Mixture 13 Time (min) vs. Scaling (g/m2)

Figure 4.30: Mixture 15 Time (min) vs. Scaling (g/m2)
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For mixture 4 (Figure 4.31), the pumped samples experienced larger amounts of
scaling than the non-pumped samples. F-5.9, F-7.5, and ARS-11.7 failed based on the
800 g/m2 limit whereas all of the non-pumped samples fell well below the limit.
Scaling results from mixture 5 (Figure 4.32) were almost opposite those of
mixture 4. Most of the pumped samples fell below the limit while the non-pumped
samples are all above. BT, MT, AT, and F-5.7 all experience scaling above the limit
while F-16.8, F-32.0, and A-22.3 all experience acceptable amount of scaling.
Mixture 12 (Figure 4.33) had two samples which failed, BT and A-27.3, while the
rest of the samples passed. Similar to mixture 13, mixture 12 had a decrease in scaling as
time increased. This behavior could be due to the air-void system. As time increased the
spacing factor also decreased then stabilized around 0.30 mm. The samples with spacing
factors around 0.30 mm all experienced relatively low amounts of scaling.

Figure 4.31: Mixture 4 Time (min) vs. Scaling (g/m2)

82

Figure 4.32: Mixture 5 Time (min) vs. Scaling (g/m2)

Figure 4.33: Mixture 12 Time (min) vs. Scaling (g/m2)
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The scaling resistance of the bottoms of some of the blocks was tested in addition
to the scaling resistance of the tops of the blocks. Testing the bottom removed the
variability due to finishing (though there was still likely a wall effect). Overall, the
magnitude of scaled material decreased for the bottom of the blocks compared to the
tops. Additionally, the behavior of the samples (compared to other samples in the same
mixture) changed. Figure 4.34 shows the spacing factor versus scaling for the bottom of
the blocks. Again the horizontal line indicates the limit of 800 g/m2. Mixtures 3, 4, and 6
had negligible amounts of scaling. Mixture 5 experienced the largest amount of scaling
and had one sample (M5-AT) which exceeded the 800 g/m2.

Figure 4.34: Spacing Factor (mm) vs. Scaling of the Bottom (g/m2)
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There is a correlation between spacing factor and scaling, however, there are
many variables that affect scaling, including the finishing of the block. Therefore, a
higher spacing factor does not always result in more scaling even within the same
mixture. In this research, factors other than spacing factor may have played a larger role
in how the concrete resisted salt scaling.
Figure B.1 through Figure B.47 in Appendix A show the accumulative scaling for
top surface versus the number of cycles for each sample. Figure B.48 through Figure
B.58 in Appendix A show the accumulative scaling for the bottom surface versus the
number of cycles for each sample. The evaluation of the bottoms of the samples is still
ongoing. As such, not all results are included in this thesis.
4.8. EFFECT OF PUMPING ON FREEZE-THAW DAMAGE
Two data sets were collected from the freeze-thaw test: mass loss and ultrasonic
pulse velocity. The measurements collected were put in terms relative to the original
measurement using equations 4.11 and 4.12.
Relative mass
𝑚𝑟 =

𝑚𝑓

*100

Eq. 4.11

𝑣𝑟 = 𝑣2 ∗ 100

Eq. 4.12

𝑚𝑖

Relative pulse velocity
𝑣𝑓2
𝑖

Table C.1 and Table C.2 in Appendix B show the results of the freeze-thaw
testing for mixtures 1, 7, 8, 2, 3, 4, and 13. These mixtures all had robust air-void
systems which were adequate to resist freeze-thaw damage throughout all the samples.
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These tables list the number of cycles the specimen survived (maximum of 468) and the
final relative measurements for the pulse velocities and the relative masses. Though the
concrete remained structurally adequate as indicated by the pulse velocity, there was
some surface damage and mass loss. The final masses varied from 99.8% to 95% of the
original masses.
Mixtures 5, 6, and 14 had samples with freeze-thaw damage measured by the
ultrasonic pulse velocity. The results of the freeze-thaw tests for these mixtures are
shown in Table 4.4, Table 4.5, and Table 4.6 respectively. Overall, once pulse velocity
measurements decreased by more than the 2% (from the previous measurement), which is
the magnitude of change which [79] established as the range of experimental error for a
sample, the specimen would only last three measurements (36 cycles each) at the most
before failing entirely. These specimens also suffered surface damage and mass loss with
a maximum and minimum percent of original mass of 99.7% and 90.9%.

Mixture

M5

Table 4.4: Mixture 5 Freeze-Thaw Results
Cycles
Sample # Configuration
Survived
1A-3
M5-BT
144

Mass (%)
99.6

5A-3
7A-3
2A-3

M5-MT
M5-AT
M5-F-5.7

180
144
180

99.7
99.5
98.5

3A-3

M5-F-16.8

396

97.1

4A-3

M5-F-32.0

324

97.4

6A-3

M5-F-22.3

288

97.7
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Mixture

M6

Mixture

M14

Sample
#
8A-3
12A-3
16A-3
9A-3
10A-3
11A-3
13A-3
14A-3
15A-3

Table 4.5: Mixture 6 Freeze-Thaw Results
Cycles
Pulse Velocity
Configuration
Survived
(%)
M6-BT
468
104.6
M6-MT
M6-AT
468
102.3
M6-F-18.7
432
0
M6-F-36.4
432
0
M6-F-6.4
432
0
M6-A-11.1
468
97.4
M6-AR-19.4
468
99.3
M6-ARS-18.5
468
98.9

Table 4.6: Mixture 14 Freeze-Thaw Results
Cycles
Pulse Velocity
Sample #
Configuration
Survived
(%)
10A-7
M14-BT
468
100.45
14A-7
M14-MT
17A-7
M14-AT
180
11A-7
M14-A-25.9
468
100.0
12A-7
M14-AS-26.7
468
97.87
13A-7
M14-A-5.6
288
15A-7
M14-AS-5.5
468
96.8
16A-7
M14-AR-26.0
288
18A-7
M14-AR-5.5
180

Mass
(%)
96.2
96.4
95.3
95.9
96.5
97.0
96.4
97.2

Mass (%)
94.7
94.3
94.2
94.3
94.6
90.9
95.2
95.5

Figure 4.35 shows the number of cycles survived according to pulse velocity
readings versus the spacing factor (mm). The maximum number of cycles applied to the
concrete was 468. Mixtures 5, 6, and 14 had samples which failed (pulse velocity
reading under 60%) prior to 468 cycles. Similar to scaling, an increase in spacing factor
increases the potential for freeze-thaw damage. For these tests, concretes with a spacing
factor greater than approximately 0.35 mm had the potential for freeze-thaw damage.
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Figure 4.36 shows the spacing factor (mm) versus the final relative pulse velocity
(%). Only mixtures which survived 468 freeze thaw cycles with a relative pulse velocity
greater than 60% are displayed in this graph.
Figure 4.37 shows the spacing factor (mm) vs. the final relative mass (%) for the
freeze-thaw specimen. The samples are divided by both workability and whether or not
they passed the freeze-thaw testing in relation to relative pulse velocity (%) limit of 60%.
The self-consolidating and flowable samples which failed based on the pulse velocity are
on the upper side of the spacing factor and the lower side of the relative mass. Those
which passed tended to have lower spacing factors (mm) and lower mass losses (%).

Figure 4.35: Spacing Factor (mm) vs. Number of Cycles Survived
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Figure 4.36: Spacing Factor (mm) vs. Relative Pulse Velocity (%) for the Mixtures that
Survived 468 cycles

Figure 4.37: Spacing Factor (mm) vs. Relative Mass (%)
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5. CONCLUSIONS, RECOMMENDATIONS, AND FUTURE WORK
5.1. CONCLUSIONS
A full-scale pumping campaign was conducted to evaluate the effects of different
pumping parameters on the properties of self-consolidating concrete. The pumping
parameters include the boom configuration, flow rate, the use of a reducer, and
submerging the hose in the concrete.

Pumped and non-pumped samples from 16

mixtures were evaluated in fresh and hardened states. Emphasis was put on evaluating
the effect pumping has on the air-void system, scaling resistance, and freeze-thaw
durability. The following conclusions can be made from the results:


The effects of pumping configuration on self-consolidating concrete vary from
those on flowable or conventional concrete.

The practical guidelines on

minimizing the negative effect of pumping on the air-void system and freeze-thaw
durability should be re-evaluated for SCC.


Reducers appear to have a negative effect on the spacing factor of selfconsolidating concrete while having a positive effect on flowable and
conventional concretes.



Increasing the rate of pumping in ‘A’ configuration has a negative effect on the
spacing factor for self-consolidating and flowable concretes.



As the air content decreases (and spacing factor increases), the potential
magnitude of change in spacing factor increases.



The mixtures which were used when testing the F configuration did not have
sufficiently low air content to induce considerable changes in spacing factor.
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However, in these mixtures, the magnitude of change in spacing factor was
similar for the F and A configurations.


The magnitude of the changes in the air-void system, scaling resistance, and
freeze-thaw durability is mixture dependent.



Air content after pumping increased, decreased, and remained constant in
comparison to the non-pumped samples of the same mixture.

However, air

content tended to decrease more often.


Robust air-void systems will not be compromised by pumping.



Inadequate air-void systems will remain inadequate after pumping.



For practical applications, mixtures which are of concern are those which have an
air-void system near the acceptable limits.

5.2. RECOMMENDATIONS
According to the results of this research project the following recommendations
for pumping self-consolidating concrete can be made:


When pumping self-consolidating concrete different guidelines should be used to
ensure an adequate air-void system is maintained, since it has been observed that
pumping affects concrete differently based on workability.



The use of a reducer when pumping self-consolidating concrete is not
recommended, as it has been observed to increase the spacing factor of the
hardened air-void system.



When evaluating the concrete for frost durability, sample the concrete after it has
been pumped in the configuration in which it will be placed instead of directly
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from the truck. Changes occurred to the air-void system and durability after
pumping.
5.3. FUTURE WORK
The following future work is recommended to further explain the effects of pumping
on self-consolidating concrete:


Development of practical and complete guidelines for pumping self-consolidating
concrete that minimize the impact on the spacing factor.



Evaluation of the effects, specifically on the air-void system, of mechanisms
which are applied to self-consolidating concrete while being pumped, including
the effects of pressure, suction, and shear.



Determination of a specific workability which identifies the division between
flowable and self-consolidating concrete in regards to the effect of pumping on
the spacing factor. In this study there was a gap between slump flows of 510 to
590 mm so a precise number was not identified.



Investigation of the change in air-void distributions due to pumping selfconsolidating concrete and how it compares to conventional concrete.



Identification of the effects of pumping on rheological properties.



Identification of how the rheological properties of the base mixture affect the
effects of pumping.



Evaluation of more mixtures, specifically those which have air contents around 45%.
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APPENDIX A
A. CHANGE IN FRESH AIR CONTENT (%) VS. FLOW RATE (l/s)
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Figure A.1: SCC: M1: Change in Fresh Air Content (%) vs. Flow Rate (l/s)

Figure A.2: SCC: M7: Change in Fresh Air Content (%) vs. Flow Rate (l/s)
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Figure A.3: SCC: M8: Change in Fresh Air Content (%) vs. Flow Rate (l/s)

Figure A.4: SCC: M9: Change in Fresh Air Content (%) vs. Flow Rate (l/s)
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Figure A.5: SCC: M10: Change in Fresh Air Content (%) vs. Flow Rate (l/s)

Figure A.6: SCC: M11: Change in Fresh Air Content (%) vs. Flow Rate (l/s)
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Figure A.7: SCC: M12: Change in Fresh Air Content (%) vs. Flow Rate (l/s)

Figure A.8: SCC: M14: Change in Fresh Air Content (%) vs. Flow Rate (l/s)
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Figure A.9: SCC: M15: Change in Fresh Air Content (%) vs. Flow Rate (l/s)

Figure A.10: SCC: M16: Change in Fresh Air Content (%) vs. Flow Rate (l/s)
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Figure A.11: Flowable: M2: Change in Fresh Air Content (%) vs. Flow Rate (l/s)

Figure A.12: Flowable: M3: Change in Fresh Air Content (%) vs. Flow Rate (l/s)
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Figure A.13: Flowable: M4: Change in Fresh Air Content (%) vs. Flow Rate (l/s)

Figure A.14: Flowable: M6: Change in Fresh Air Content (%) vs. Flow Rate (l/s)

100

Figure A.15: Flowable: M13: Change in Fresh Air Content (%) vs. Flow Rate (l/s)

Figure A.16: Conventional: M5: Change in Fresh Air Content (%) vs. Flow Rate (l/s)
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APPENDIX B
B. SCALING DATA
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Figure B.1: M1: Non-pumped Scaling (g) vs. Number of Cycles

Figure B.2: M1: A Configuration Scaling (g) vs. Number of Cycles

Figure B.3: M1: Flat Configuration Scaling (g) vs. Number of Cycles
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Figure B.4: M2: Non-pumped Scaling (g) vs. Number of Cycles

Figure B.5: M2: A Configuration Scaling (g) vs. Number of Cycles
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Figure B.6: M2: Flat Configuration Scaling (g) vs. Number of Cycles

Figure B.7: M3: Non-pumped Scaling (g) vs. Number of Cycles
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Figure B.8: M3: A Configuration Scaling (g) vs. Number of Cycles

Figure B.9: M3: Flat Configuration Scaling (g) vs. Number of Cycles
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Figure B.10: M4: Non-pumped Scaling (g) vs. Number of Cycles

Figure B.11: M4: A Configuration Scaling (g) vs. Number of Cycles
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Figure B.12: M4: Flat Configuration Scaling (g) vs. Number of Cycles

Figure B.13: M5: Non-pumped Scaling (g) vs. Number of Cycles

108

Figure B.14: M5: Pumped Samples Scaling (g) vs. Number of Cycles

Figure B.15: M6: Non-pumped Scaling (g) vs. Number of Cycles
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Figure B.16: M6: A Configuration Scaling (g) vs. Number of Cycles

Figure B.17: M6: Flat Configuration Scaling (g) vs. Number of Cycles
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Figure B.18: M7: Non-pumped Scaling (g) vs. Number of Cycles

Figure B.19: M7: A Configuration Scaling (g) vs. Number of Cycles
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Figure B.20: M7: Flat Configuration Scaling (g) vs. Number of Cycles

Figure B.21: M8: Non-pumped Scaling (g) vs. Number of Cycles
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Figure B.22: M8: A Configuration Scaling (g) vs. Number of Cycles

Figure B.23:M8: Flat Configuration Scaling (g) vs. Number of Cycles

113

Figure B.24: M9: Non-pumped Scaling (g) vs. Number of Cycles

Figure B.25: M9: A Configuration Scaling (g) vs. Number of Cycles
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Figure B.26: M9: Flat Configuration Scaling (g) vs. Number of Cycles

Figure B.27: M10: Non-pumped Scaling (g) vs. Number of Cycles
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Figure B.28: M10: A Configuration Scaling (g) vs. Number of Cycles

Figure B.29: M10: Flat Configuration Scaling (g) vs. Number of Cycles
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Figure B.30: M11: Non-pumped Scaling (g) vs. Number of Cycles

Figure B.31: M11: A Configuration Slow Scaling (g) vs. Number of Cycles
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Figure B.32: M11: A Configuration Fast Scaling (g) vs. Number of Cycles

Figure B.33: M12: Non-pumped Scaling (g) vs. Number of Cycles
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Figure B.34: M12: A Configuration Slow Scaling (g) vs. Number of Cycles

Figure B.35: M12: A Configuration Fast Scaling (g) vs. Number of Cycles
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Figure B.36: M13: Non-pumped Scaling (g) vs. Number of Cycles

Figure B.37: M13: A Configuration Slow Scaling (g) vs. Number of Cycles
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Figure B.38: M13: A Configuration Fast Scaling (g) vs. Number of Cycles

Figure B.39: M14: Non-pumped Scaling (g) vs. Number of Cycles
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Figure B.40: M14: A Configuration Slow Scaling (g) vs. Number of Cycles

Figure B.41: M14: A Configuration Fast Scaling (g) vs. Number of Cycles
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Figure B.42: M15: Non-pumped Scaling (g) vs. Number of Cycles

Figure B.43: M15: A Configuration Slow Scaling (g) vs. Number of Cycles
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Figure B.44: M15: A Configuration Fast Scaling (g) vs. Number of Cycles

Figure B.45: M16: Non-pumped Scaling (g) vs. Number of Cycles
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Figure B.46: M16: A Configuration Slow Scaling (g) vs. Number of Cycles

Figure B.47: M16: A Configuration Fast Scaling (g) vs. Number of Cycles
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Figure B.48: M3 Bottoms: Non-pumped Scaling (g) vs. Number of Cycles

Figure B.49: M3 Bottoms: A Configuration Scaling (g) vs. Number of Cycles
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Figure B.50: M3 Bottoms: F Configuration Scaling (g) vs. Number of Cycles

Figure B.51: M4 Bottoms: Non-pumped Scaling (g) vs. Number of Cycles
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Figure B.52: M4 Bottoms: A Configuration Scaling (g) vs. Number of Cycles

Figure B.53: M4 Bottoms: F Configuration Scaling (g) vs. Number of Cycles
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Figure B.54: M5 Bottoms: Non-pumped Scaling (g) vs. Number of Cycles

Figure B.55: M5 Bottoms: Pumped Scaling (g) vs. Number of Cycles
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Figure B.56: M6 Bottoms: Non-pumped Scaling (g) vs. Number of Cycles

Figure B.57: M6 Bottoms: F Configuration Scaling (g) vs. Number of Cycles
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Figure B.58: M6 Bottoms: A Configuration Scaling (g) vs. Number of Cycles
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APPENDIX C
C. FREEZE-THAW DATA
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Mixture

M1

M7

M8

Table C.1: Self-Consolidating Freeze-thaw Results which Passed
Cycles
Pulse Velocity
Sample # Configuration
Survived
(%)
1A-1
M1-BT
468
101.23
15A-1
M1-AT
468
99.7
2A-1
M1-AR-14.6
468
97.9
3A-1
M1-A-11.1
468
98.3
13A-1
M1-F-10.3
468
101.5
14A-1
M1-F-17.2
468
95.7
1A-4
M7-BT
468
104.6
5A-4
M7-MT
8A-4
M7-AT
468
101.0
2A-4
M7-ARS-19.11
468
97.8
3A-4
M7-AR-22.58
468
102.2
4A-4
M7-A-21.28
468
100.2
6A-4
M7-F-21.09
468
101.8
7A-4
M7-F-38.01
468
97.8
9A-4
M7-F-1.05
468
96.4
10A-4
M8-BT
468
101.8
14A-4
M8-MT
17A-4
M8-AT
468
103.0
11A-4
M8-F-1.4
468
103.4
12A-4
M8-F-35.6
468
101.6
13A-4
M8-F-21.8
468
102.7
15A-4
M8-A-20.9
468
101.1
16A-4
M8-ARS-21.1
468
102.7
18A-4
M8-AR-20.4
468
102.21

Table C.2: Flowable Concrete Freeze-Thaw Results which Passed
Cycles
Pulse Velocity
Mixture Sample # Configuration
Survived
(%)
16A-1
M2-BT
468
93.8
4A-1
M2-MT
468
100
8A-1
M2-AT
468
97.9
M2
5A-1
M2-A-11.1
468
96.3
6A-1
M2-AR-18.6
468
93.8
7A-1
M2-ARS-20.5
468
95.9
17A-1
M2-F-19.1
468
94.4

Mass
(%)
95.9
97.0
96.1
96.3
97.3
97.2
99.7
98.8
99.2
98.7
99.5
99.1
99.6
98.1
99.7
99.0
99.7
99.8
99.2
99.5
99.4
98.9

Mass
(%)
96.6
97.9
96.1
96.3
95.9
96.2
96.6
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Table C.2: Flowable Concrete Freeze-Thaw Results which Passed (cont.)
19A-1
M2-F-7.5
468
96.9
96.2
M2
18A-1
M2-F-28.9
468
94.4
96.2
1A-2
M3-BT
468
100.1
97
5A-2
M3-MT
468
96.9
96.7
16A-2
M3-AT
468
100.1
97.1
2A-2
M3-AR-20.8
468
99.5
96.6
M3
3A-2
M3-ARS-20.0
468
100.2
96.7
4A-2
M3-A-20.2
468
99.0
97.5
13A-2
M3-F-20.3
468
98.6
97.5
14A-2
M3-F-33.2
468
99.8
97.5
15A-2
M3-F-5.2
468
101.7
97.5
17A-2
M4-BT
468
114.7
96.9
6A-2
M4-MT
10A-2
M4-AT
468
108.2
96.4
7A-2
M4-A-11.1
468
114.1
96.1
M4
8A-2
M4-AR-13.2
468
110.6
95
9A-2
M4-ARS-11.7
468
106.4
96.5
18A-2
M4-F-5.9
468
106.2
96.4
19A-2
M4-F-7.5
468
111.3
96.8
20A-2
M4-F-28.9
468
111.6
95.2
1A-7
M13-BT
468
99.1
95.4
5A-7
M13-MT
8A-7
M13-AT
468
99.0
95.4
2A-7
M13-A-32.1
468
101.5
96.4
M13
3A-7
M13-AS-31.9
468
100.5
96.9
4A-7
M13-A-5.5
468
99.6
97.9
6A-7
M13-AS-5.5
468
100.0
95.9
7A-7
M13-AR-32.5
468
102.1
96.3
9A-7
M13-AR-5.3
468
101.0
96.8
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